Abstract Ultra-high resolution alpha spectrometry by microcalorimetry has demonstrated a dramatic improvement in alpha energy resolution over silicon based detectors. To characterize the optimal resolution obtained by the microcalorimeter alpha spectrometers, high quality deposits that are virtually massless are required; electrodeposition is the preferred method for the preparation of high quality deposits. In order to better understand the factors that contribute to lower alpha energy resolution and deposit yield, we have conducted a study to determine the effect of some of the parameters that are used for preparing electrodeposits. We have compared four different electrodeposition methods and four different substrate materials to determine the effect on the deposit yield and alpha energy resolution of plutonium as measured by full width at half maximum using silicon based detectors. Furthermore, we wanted to understand the effect of contaminants from environmental samples on electrodeposits. Therefore, the effect on deposit yield and alpha energy resolution with several common soil constituents
Introduction
Isotopic analysis of radioactive materials is important for nuclear forensics, nuclear safeguards, and environmental monitoring. Alpha spectrometry and mass spectrometry are routinely used for the analysis of nuclear materials. Recently, ultra high resolution alpha spectrometry using superconducting transition-edge sensor microcalorimeters have been developed [1] [2] [3] [4] . These microcalorimeters have demonstrated significantly higher energy resolution than conventional silicon detectors (1.06 keV full width at half maximum (FWHM) vs. 8-10 keV FWHM for 5.3 MeV alpha particles) [1, 4] . With these higher resolutions, it is therefore possible to determine isotopic information by alpha spectrometry from mixed actinide samples without the need for time consuming chemical separations of the individual actinides. Furthermore, isotopes with overlapping peaks in the alpha spectrum are typically analyzed by mass spectrometry; it is now possible to measure these isotopes using microcalorimeters [4] .
As with conventional alpha spectrometry using silicon detectors, samples for microcalorimeters require thin and uniform deposits [5] . Electrodeposition is a common method to produce thin samples for alpha spectrometry [6] [7] [8] [9] . Although electrodeposition can be used to prepare high quality deposits for alpha spectrometry, several different factors have been found that will limit the yield and resolution of these deposits. These factors include choice of cathode substrate, the uniformity of the cathode substrate and sample purity [6, 7] . For sulfate based electrodepositions, such as those based on Talvitie's method [6] or Hallstadius's method [8] , deposit yields have been improved by varying the time of deposition [6, [10] [11] [12] , current [10, 12] , electrolyte concentration [10] , pH [6, 10, 11] , temperature [6] , and variation in distance between the cathode and anode [12] .
The alpha spectrometry resolution of electrodeposited actinides is similarly affected by these same factors [9, 10, 12] . Sample purity is important because unwanted constituents can co-deposit with the actinide of interest; the extra mass will decrease resolution of the sample [7, 9] .
In order to prepare high yield, high resolution samples for alpha spectrometry by microcalorimetry, we initiated a survey to determine which factors were important for the preparation of electrodeposits. We conducted a survey of four common cathode materials and four electrodeposition techniques that are used in our laboratory. Furthermore, since we were interested in producing deposits from ''real world'' samples, such as soils, water, or filters, we performed a series of experiments to determine the effect of common cations on the resolution and yield of electrodeposited samples.
Experimental
All the chemicals were reagent grade or better. The 239 Pu solution was weapons grade plutonium obtained from Los Alamos National Laboratory (LANL) supplies. For each electrodeposition, the amount of plutonium used was 0.53 nCi in 0.025 mL 0.1 M HCl.
Electrodepositions were carried out using a Fisher Scientific FB200 DC power supply, Pine Instruments Corp. Model AFCPRB rotating electrode and a 3 mM diameter platinum rod. The electrodeposition cell is similar to those previously described [13, 14] and consists of a glass chimney with a (7/16) 00 diameter sealed with a (3/8) 00 diameter PVC gasket. The chimney and gasket are pressed onto the cathode by means of springs attached to a brass base. The substrate materials were cleaned with acetone prior to use. Four different electrodeposition methods were used and are described below. After each electrodeposition, the solutions were poured from the cell and the cell was rinsed three times with deionized water. The cell was then disassembled, the substrate was removed, rinsed once more with deionized water, blotted dry, and allowed to dry on a hotplate set at 100-120°C.
Ammonium chloride electrodeposition
The ammonium chloride method was adapted from a LANL procedure [13] and from our previously described method [15] . Three mL 1 M HCl, two drops methyl red indicator, and 0.15 g ammonium chloride were placed in the electrodeposition cell. An aliquot of plutonium solution in 0.1 M HCl was added to the cell and the pH was adjusted to the yellow endpoint with ammonium hydroxide and then back to the pink endpoint with dilute HCl. The electrodeposition was carried out at 0.57 Å constant current and 200 rpm anode rotation. After 15 min, 0.5 mL concentrated ammonium hydroxide was added to the cell and the electrodeposition was carried out for one extra minute.
Ammonium sulfate electrodeposition
The ammonium sulfate method is a variation of the Talvitie method [6] and was adapted from our previously described method [15] . Four mL of 0.5 M (NH 4 ) 2 SO 4 buffer at pH 2 were placed into the electrodeposition cell followed by the aliquot of plutonium. The electrodeposition was carried out at 0.45 Å constant current and 200 rpm anode rotation. After 30 min, 0.5 mL of concentrated ammonium hydroxide was added to the cell and the electrodeposition was carried out for one extra minute.
Molecular plating method
The molecular plating method is a variation of a previously described method [14] [15] [16] . Four mL of isopropyl alcohol were added to the electrodeposition cell, followed by 0.025 mL plutonium solution in 0.1 M HCl, 0.075 mL 0.1 M HCl, and 0.1 mL 0.1 M HNO 3 . The electrodeposition was carried out at 0.03 Å constant current and 200 rpm anode rotation. After 30 min, 0.5 mL concentrated ammonium hydroxide was added to the cell and the electrodeposition was carried out for one extra minute.
Sodium bisulfate method
The sodium bisulfate method is a variation of a previously described method [5] which is related to methods previously described by Kressin [7] , Hallstadius [8] , and Talvitie [6] . An aliquot of the plutonium solution was dried in a glass scintillation vial; 1 mL of 5 % NaHSO 4 was added and the sample was brought to dryness. The sample was then dissolved in 2 mL of 15 % sodium sulfate solution, the solution was transferred to the electrodeposition cell, followed by two 1 mL rinses of the vial, which were also transferred to the cell. The electrodeposition was carried out at 0.5 Å constant current and 200 rpm anode rotation. After 90 min, 0.5 mL of 25 % sodium hydroxide solution was added to the cell and the electrodeposition was carried out for one extra minute.
The metal contamination studies were conducted using the ammonium sulfate electrodeposition method. The following nitrate salts were used for the contaminant study: Alpha spectrometry measurements were conducted using Ortec Octet a-spectrometry system with silicon surface barrier detectors and the data were analyzed using ORTEC AlphaVision Software. The typical count time was 1,000 min. The counting errors for the yield data reported in Table 1 were all less than 2 % (at 2 r). The counting errors for the data presented in Figs. 1 and 2 were less than 3 % for the majority of the data. Three of the data points had errors larger than 3 % and error bars for those data series are included in Fig. 2 . The FWHM were calculated using the 239 Pu peak at 5.155 MeV with PeakEasy software.
Results and discussion
The summary of results for the comparison of the four different substrates used and the four different electrodeposition methods used are presented in Table 1 . Aluminum Fig. 1 The effect of the addition of metal nitrate salts with valence states of ?1 and ?2 on the electrodeposition yield of plutonium. Each data point represents a single deposit; the alpha spectrometry counting errors (at 2 r) were smaller than the markers used of the graph and were hence omitted. The lines through the data points are to guide the eye and do not represent a fit for the data Fig. 2 The effect of the addition of metal nitrate salts with valence states of ?3 on the electrodeposition yield of plutonium. Each point represents a single deposit. The error bars indicate the alpha spectrometry counting errors (2 r); these errors were smaller than the markers used for the Al data and were omitted for that series. The lines through the data points are to guide the eye and do not represent a fit for the data J Radioanal Nucl Chem (2013) 296:793-798 795
proved to be an unacceptable substrate for three of the tested methods; electrodeposition using the ammonium chloride method was not attempted because it was expected that this method would destroy the substrate. The aluminum substrate was destroyed during the electrodeposition using the sodium bisulfate method. Deposits were successfully prepared on aluminum using the ammonium sulfate method and by molecular plating, however the resolutions observed for the 5.155 MeV 239 Pu peak were higher than those observed for the other substrates. Furthermore, pits were observed on the aluminum surface of the plutonium deposit prepared by the ammonium sulfate method and molecular plating. The other three substrates tested had similar alpha particle resolutions.
The appearance of the deposits differed according to the electrodeposition method used. In general, the deposits made by the ammonium chloride and molecular plating methods were lighter in color, whereas the ammonium sulfate and sodium bisulfate methods produced brown deposits; darker deposits were observed for the sodium bisulfate method. Despite the different appearance, there was no method that had significantly greater alpha peak resolution. We had believed that the conditions in the ammonium chloride method would result in severely degraded surfaces, or at least, poor deposits with poor yield for titanium and stainless steel (SS) substrates. However, the deposits prepared by this method on these substrates appeared good and had decent yields with good alpha peak resolution. The best yields for all the substrates were observed for molecular plating (86-98 %) and the sodium bisulfate method (86-101 %); the yields were lower, but still acceptable, for the ammonium chloride (61-64 %) and ammonium sulfate methods (53-100 %).
For the remainder of the experiments, we chose the ammonium sulfate method because it is rapid and easy to perform with acceptable yields and alpha peak resolution. While molecular plating had very good yields and acceptable alpha peak resolution in this work, we had observed in other, unpublished work that the alpha peak resolution was higher with molecular plating than deposits prepared by the ammonium sulfate method. The sodium bisulfate method was not chosen because it is a more complicated method that requires some hours of drying down and a 91 min electrodeposition time. While the ammonium chloride method, as used here, only required 16 min of electrodeposition, it does requires a pH adjustment which adds to the experiment time.
While the substrates that were examined in this study are commonly used for alpha spectrometry sample preparation, we did not find a lot of research in the literature comparing the yields and alpha particle resolutions of these substrates for suitability for alpha spectrometry. Ferrero Calabuig et al. [17] examined the electrodeposition of uranium on molybdenum, nickel, SS, and titanium substrates using a method similar to the Hallstadius method [8] . In general, at lower thicknesses of uranium (between 0.65 and 21.3 lg/ cm 2 ), they observed slightly improved resolution in the order Ti \ SS \ Mo \ Ni. As noted above, we did not observe any obvious differences in resolution between SS and Ti for plutonium deposits. Hashimoto [18] observed better deposition yields of Am on SS substrates versus aluminum using ammonium formate and ammonium oxalate electrolytes; they also observed rougher surfaces of the aluminum after electrodeposition.
Based on our data, aluminum was clearly the only unacceptable substrate. SS was tested because it is used quite a bit in the literature, however ferromagnetic materials cannot be used in the microcalorimeter. Platinum is a good substrate, but it is expensive and hard to obtain. Titanium was therefore chosen because it produced deposits with good yields, is easy to obtain, inexpensive, and can be cut in the laboratory using simple punches.
Many papers which deal with electrodeposition for alpha spectrometry sources agree that pure samples are best for high yield and high resolution alpha spectrometry sources [7, 19, 20] ; however the comparison of the magnitude of the effect on yield and resolution has been little studied. Zarki et al. [19] studied the effects of various metal ions on the yield and energy resolution of uranium and thorium deposited using a molecular plating method from ethanol-HCl and/or HNO 3 mixtures. They found that an increase in Ca were also studied by Zarki et al. [19] from 0 to 0.04 mM. They found no effect on yield or resolution by the addition of Al 3? . The results were more complicated for Fe 3? , Bi 3? , and La 3? : in each case, addition of these ions initially increased the yield of the 233 U deposit up to 100 %, followed by a decrease as additional amounts of the contaminant were added. The resolutions as measured by alpha spectrometry were not affected by these additions. Sodium ions were also observed to have a negative effect upon yields of 233 U. Kressin [7] observed that Cr, La, Ce, Cu and Fe co-deposited during electrodeposition of Pu and Am from NaHSO 4 /Na 2 SO 4 solutions, resulting in degraded alpha spectra; La is cited as causing the worst interference. Irlweck [20] also observed decreased deposition yield for 236 Pu from ammonium chloride solutions when Fe(III) was present.
We began our study of the effects of contaminants with a survey of various constituents that may be in a sample, either as a part of the sample itself or as an additive. Ten mg amounts of Fe 3? , Mg 2? , and Na ? (as the nitrate salts) and boric acid were added to the electrodeposition cell along with plutonium. We observed quite good yields and resolutions for the deposits prepared in the presence of boric acid and sodium nitrate (boric acid: 91 %, 27 keV FWHM; sodium nitrate: 91 % yield, 25 keV FWHM). The yield for deposits containing Fe 3? was low (5 %) but the FWHM was good (14 keV); the addition of Mg 2? decreased the yield to 26 % and increased the FWHM to 35 keV. We also examined the effect of HF upon the deposit yields and resolution, however, no change in yield or resolution was observed upon addition of 0.36 nM to 3.6 lM HF. Kressin [7] had observed that F -inhibited Pu and Am deposition, however this effect was not observed in our study.
The contaminant study was continued by examining the effect of metal cations that may be present in samples. Using as our guide the worst case scenario of a digested soil sample, we prepared deposits containing common ions found in soil: Al . The cations were added in various amounts to the electrodeposition cell as the nitrate salts. The effect of the addition of these salts is summarized in Figs. 1 and 2 . We did not observe the initial increase in yield that Zarki et al. [19] observed for the very low concentrations of Fe and La, followed by decreases in yield at higher concentrations. However, Zarki et al. [19] used a molecular plating method; the increased ionic concentration may have initially aided the electrodeposition. It should be noted that higher concentrations of contaminants were used in the present study (0-1.8 mM vs. 0-0.04 mM for Zarki et al.) . Sodium and potassium affect the yield the least of the ions studied (from 96 to 66 % for both), followed by [19] observed low yields at all concentrations for Al 3? contamination (\10 %); the yields in the present study were higher. Of the trivalent cations, the largest detrimental effect was observed for the lanthanides Lu 3? and Eu 3? . The effect on the alpha peak resolution as determined by the FWHM of the 5.155 MeV line is presented in Fig. 3 . The data for Eu 3? , Fe 3? , K ? , and Na ? are not presented in Fig. 3 because the addition of these metals did not affect the FWHM to a measureable degree, they remained between 17 and 33 keV for all concentrations; the Al resolutions were between 24 and 26 keV; the data for Al 3? are included in Fig. 3 for comparison. The resolution results for K ? and Na ? were not a surprise, since the effect on the electrodeposition yield of these metals was small and Na ? is used in other methods as part of the buffer solution for those electrodepositions. The effects of the two lanthanides on the FWHM were different in this study. Both lanthanides decreased the deposition yield as the concentration increased. However, even small amounts of Lu markedly decreased the resolution of the 5.155 MeV alpha peak, whereas the resolution of this peak was not measurably affected for samples containing Eu 3? . We had expected that the mechanism of electrodeposition of Lu 3? and Eu 3? would be similar and that their effects on yield and resolution would likewise be similar. Zarki et al. [19] and Kressin [7] observed decreased yields and resolutions for their electrodeposition systems when La 3? was added. As described above, addition of Fe 3? had a clearly detrimental effect on the yield of the electrodepositions; however the resolution of these deposits were not measurably affected. Although Fe 3? did not affect the resolution of the alpha spectra for the deposits prepared by Zarki et al. [19] using a molecular plating method, Kressin [7] did observe degraded alpha spectra with Fe contaminants using NaHSO 4 / Na 2 SO 4 mixtures. The resolution of Al 3? was similarly not affected although the yields were diminished; this result agrees with the observation of Zarki et al. [19] for U and Th deposition using molecular plating. Addition of both Mg 2? and Zn 2? to the electrodeposition caused decreased resolution; the deposits containing Mg 2? had a visible white deposit. A single deposit of Ca 2? (0.025 mmol Ca, 78 % yield) was prepared as another example of a divalent cation and Group II cation; this deposit also showed an increase in FWHM compared to the other divalent cations. Based on the results of this study, it is clear that the addition of common metal cations will affect the quality of electrodeposits. 
Conclusions
Sample purity is clearly one of the most important parameters when preparing sources for alpha spectrometry, particularly when high resolutions are desired. The addition of the cations that were investigated in this study resulted in either decreased yields or decreased resolutions, or both. The addition of K ? and Na ? caused the least interference. Based on the behavior of Lu 3? , the lanthanides may pose the most detrimental effect when present even at low concentrations. We obtained acceptable yields and resolutions from the four methods that were examined. Three of the four substrate materials tested produced acceptable deposit yields and resolutions; aluminum is not a suitable substrate for any of the methods tested. The results of this study will be used to design separation schemes to remove the particularly harmful contaminants and to optimize the electrodeposition conditions for the preparation of samples for ultra-high resolution spectrometry by microcalorimetry.
